The field of nanobiocatalysis has experienced a rapid growth due to recent advances in nanotechnology. However, biocatalytic processes are often limited by the lack of stability of the enzymes and their short lifetime. Therefore, immobilization is key to the successful implementation of industrial processes based on enzymes. Immobilization of enzymes on functionalized nanostructured materials could give higher stability to nanobiocatalysts while maintaining free enzyme activity and easy recyclability under various conditions. This review will discuss recent developments in nanobiocatalysis to improve the stability of the enzyme using various nanostructured materials such as mesoporous materials, nanofibers, nanoparticles, nanotubes, and individual nanoparticles enzymes. Also, this review summarizes the recent evolution of nanostructured biocatalysts with an emphasis on those formed with polymers. Based on the synthetic procedures used, established methods fall into two important categories: "grafting onto" and "grafting from". The fundamentals of each method in enhancing enzyme stability and the use of these new nanobiocatalysts as tools for different applications in different areas are discussed.
Introduction
Enzymes are natural biocatalysts that catalyze chemical reactions. They have advantages over inorganic catalysts such as high specificity, high reaction rate under mild reaction conditions of pH and temperature, low energy consumption, water solubility, biodegradability, few side reactions, and nontoxicity [1] [2] [3] [4] [5] [6] [7] . Consequently, enzymes have been regarded as ideal catalysts for industrial applications, and biocatalysis is becoming one of the leading and most powerful tools of biotechnology, having a profound industrial and social impact in areas such as health, food, and pharmaceutical production; bioenergy such as sustainable fuel production and production of biofuel cells; bioremediation; the textile industry; and chemical transformation processes. In recent years, advances in biocatalysis have allowed enzymatic processes to be performed in organic solvents and aqueous media. Furthermore, enzymes play an important role in the latest "white biotechnology" trends, including green chemistry and sustainable energy [1, [7] [8] [9] [10] .
However, industrial applications are often limited by a lack of stability throughout the operational process and difficulty recovering and reusing the enzyme. Maintaining their structural stability during any biochemical reaction is extremely challenging. These obstacles can often be overcome by stabilizing the enzyme; immobilization of enzymes onto solid supports enables direct retrieval and is a reasonable approach for achieving this goal. Therefore, the commercial application of biocatalysts depends on the development of effective methods of immobilization and new support materials. The challenge is to build catalysts that retain the functional properties of enzymes but are robust enough to withstand harsh process conditions [4] [5] [6] [7] 10] .
In recent decades, biotechnology and nanotechnology have achieved an important synergy with major advances in research, leading to efforts in nanobiocatalysis. The main advantage of nanobiocatalysts is the high surface/volume ratio of nanomaterials, which enhances exposure of the biocatalyst. In this sense, the design and application of nanostructured materials represents an important area of growing interest. Nanobiocatalysis is a promising and exciting field for understanding and developing new biotransformations by encompassing complex molecular interactions at the atomic level between the environment and all components of the reaction [1] [2] [3] 7, 8, 10] . In this review, we describe some recent advances in nanobiocatalysis. We will first analyze nanostructured materials and also discuss some recent immobilization methods. Finally, we will mention applications of nanobiocatalysts in bioelectronics, bioconversion systems, and proteomic analysis.
Nanostructured materials in enzyme immobilization
The rapid growth of nanobiotechnology has resulted in nanostructured materials receiving special attention as supports for immobilizing enzymes. Nanostructured materials have desirable characteristics such as their pore diameter on the scale of nanometers (5-100 nm), hardness, defined geometry, hydrophobicity/hydrophilicity ratio, conductivity, and magnetic properties. These characteristics enable the design of robust biocatalysts. Among the main advantages of using nanomaterials for immobilization of enzymes is the possibility of fine tuning the biological activity by designing specific materials for the intended use, as well as the high surface area that allows for a high loading of enzyme. Several nanostructured materials for biocatalysis have been successfully developed, including nanoparticles, nanotubes and nanofibers [1] [2] [3] 8, 10 ].
Mesoporous materials
In 1992, researchers from the oil company Mobil synthesized a novel mesoporous silica (MPS) that attracted attention because of its properties and potential use in enzyme immobilization [11, 12] . Since then, significant progress has been made in the morphology control, pore size adjustment, composition variation, and application developments of MPS materials [13, 14] . During the last two decades, various mesoporous structures have been synthesized, which can be roughly classified into three categories based on pore types: nearly spherical cage, cylindrical channel, and bi-continuous channel [15] .
Mesoporous supports provide a uniform pore system with restricted nanospaces, and their surfaces can be functionalized for enzyme immobilization. They have been used as a model to understand the behavior of the enzyme in the cell [16] . There are different kinds of materials like MCM-41 [17] , SBA-15 [17, 18] , MCF [17, 19] , and commercial mesoporous supports [20] among others, each of them produced by different techniques and surfactants, achieving a versatile material that can be tailored to meet specific immobilization needs. These methods allow for control of pore size, morphology, and structural properties of the support [21] . There are many variables that can be used in order to modify the properties of the material, such as the use of ionic and nonionic surfactants, biopolymers, polymers, ionic liquids, dendrimers, and others. Other factors to take into account are the mineral precursor of the material (i.e., salts, alkoxides, nanoparticles, etc.) and the conditions of the reaction media (i.e., pH, water content, aging conditions, etc.) [22] . Nevertheless, controlling the pore size of the support is not an easy task because during the development of the matrix different pores are formed, ranging from 0.1 to 500 nm in size. In addition, there may be a formation of channels between the pores that create difficulties in the diffusion of the substrate to the active site, resulting in a slower reaction [23] .
The immobilization technique is crucial for the enzyme loading capacity. There are different methods of immobilization such as adsorption, covalent binging, entrapment, and cross linking [24, 25] . In some cases, depending on the support material, adsorption may be a better technique than covalent immobilization because the latter may include silylation, which decreases the pore diameter and pore volume of the silica. One example of this is exemplified in the study of He et al. [26] , where the pore size of MCM-41 decreased when covalent immobilization was used, resulting in decreased enzymatic activity. In contrast, the enzymatic activity was higher with direct immobilization (adsorption). Large pores may permit easier access of the substrate to the active site of the immobilized enzyme. Nevertheless, when the enzyme is adsorbed, certain problems like loss of activity, reduced enzyme loading, and enzyme leaching may be encountered because the enzyme is not strongly bound to the support [8] .
Aluminum oxide (alumina) has been used almost exclusively as a support in the last few due to its outstanding textural and mechanical properties and its relatively low cost [27] . However, the presence of undesirable, strong metal support interactions in the alumina-supported catalysts has triggered research devoted to the development of new supports [27] [28] [29] . For this purpose, the use of ordered mesoporous siliceous molecular sieves as supports has been intensively investigated [28, 29] .
As a mesoporous silica material with highly ordered nanopores and a large surface area, SBA-15 is widely employed as a catalyst support, absorbent, and drug delivery material. It has no functionality, but heteroatoms and organic functional groups have been incorporated by direct or postsynthesis methods. Table 1 shows different applications of mesoporous-based biocatalysts in areas like bioremediation, bioseparation, biosensors, and environmental practice, among others. Obviously, the support and the immobilization technique will depend on the application.
Nanoparticles

Magnetic nanoparticles
Magnetic nanoparticles (MNP) are suitable as supports due to their low toxicity, flexible surface modification Industrial applications [18] surrounded by a polymer shell: the polymer shell may be composed of different materials such as silica [30, 32, 34] , acrylamide [35] , cellulose [36] , chitosan [37, 38] , etc. The type of polymer shell depends on the application of the immobilized enzyme, and shell materials should be nontoxic, biocompatible, eco-friendly, and biodegradable. In addition, the polymer shell should have a low processing by chemical reactions, large enzyme capacity, and good reusability [30] . cost in order to make it feasible for industrial applications. Different procedures are used to produce MNPs [39] and to modify their surfaces [40] in order to enhance the affinity between the functional groups of the enzyme and the nanoparticle. Enzyme immobilization onto magnetic nanoparticles provides an easy way to recover enzymes in the reaction media. Moreover, high surface areas can be achieved due to the nanoscale size of the support, which may allow for a higher enzyme load onto the support [41] . Covalent immobilization reduces enzyme leaching from the support [30, 32] .
Furthermore, super-paramagnetic nanoparticles can be produced, providing a highly specific surface that increases the binding efficiency, decreases mass transfer resistance, reduces fouling, and separates enzymes rapidly, reducing operational costs [35] . In a superparamagnetic particle (using Fe 3 O 4 nanoparticles), the particle does not have a continuous magnetic property; it can be magnetized by an external magnetic field when needed, which would be very useful in the purification process of a high-value product [33] . In order to achieve super-paramagnetic properties, it is necessary to produce particles smaller than 30 nm; those that are larger than 30 nm will have ferromagnetic properties instead [34] . As with other immobilization supports and techniques, immobilization onto magnetic supports increases substrate affinity and stabilizes the enzyme against a wide range of changes in temperature and pH; likewise, enzymatic activity remains stable during a period of time in storage. Covalently immobilized enzymes also have longer cycles of reuse due to the reduction of enzyme loss by leaching from the support. One explanation for the increased substrate affinity is that when the enzyme binds to the nanoparticle, it rearranges itself in order to adopt a better conformation; thus, the enzyme's active sites may be more available than those of a free enzyme [42] .
On the other hand, in spite of the main advantages of magnetic immobilization, there are some disadvantages: first, nanoparticles may aggregate due to the strong magnetic attractions between them; second, some Fe 3 O 4 nanoparticles may be oxidized by air, which may be undesirable in large scale processes [43] .
In Table 2 , we highlight recent studies with excellent results obtained by enzyme immobilization in magnetic nanoparticles.
Non-magnetic nanoparticles
The main reason for the increasing use of nanoparticles is their sensitivity and high specificity. Materials with different properties permit a wide range of applications in the fields of biotechnology, chemistry, biochemistry, biomedicine, electrochemistry, and pharmacy. Various inorganic materials have been used to produce nanoparticles, such as gold, silver, carbon nanotubes, platinum, titanium dioxide and semi-conductive materials [44] . Especially in biotechnology and biomedical applications, materials must be biocompatible, non-toxic, safe, and if possible, have a low production cost. Moreover, for environmental purposes, nanoparticles should be eco-friendly, biodegradable, and non-damaging to soil microbes.
Inorganic nanoparticles are classified in two simple terms: hard and soft. Soft nanoparticles are made with polymers and lipidic materials, while hard nanoparticles include all metallic and ceramic materials [44] . Malmsten [45] conducted an extensive study on different inorganic materials that can be used as delivery systems for proteins, peptides, DNA, and siRNA.
Gold nanoparticles (AuNPs) are very interesting to researchers on account of their optical and electrical properties, biocompatibility, and chemical activity, among other properties [9] . In particular, enzymes have a strong interaction with the cysteine and amino residues with gold [46] . AuNPs have extensive applications in various areas. For example, Saha et al. [47] studied different synthetic routes and properties of gold nanoparticles for chemical and biological sensing. Titanium dioxide (TiO 2 ) is a good material for immobilization because of its chemical stability, high refractive index, and relatively low production cost [48] . Table 1 refers to select studies that produced good immobilization results with different inorganic supports. The results showed higher thermal and pH stability of the immobilized enzyme when compared with their free counterparts, and the biocatalytic parameters of immobilized enzymes were enhanced.
Novel nanoparticles
New combinations of supports have been studied in order to enhance compatibility with the enzyme, decrease enzyme leaching, and increase enzyme loading. In addition, novel nanoparticles allow for functionalized surfaces, specific applications, and greater biocompatibility with the enzyme. New approaches include using metals to fabricate biosensors due to their electrical, chemical, and optical properties [49] . Nanorods are of great interest in the field of immobilization for their diverse applications [50] [51] [52] .
Innovative techniques such as ANADOLUCA (AmiNoAcid Decorated and Light Underpinning Conjugation Approach), which is used to produce nanoproteins, have been developed. Say [53] defines "nanoprotein" as a new-generation polymeric material produced by this technique, which can be used directly as a monomer without the need for other platforms. Moreover, the nano-protein can be conjugated with different kinds of drugs and biomolecules: proteins, enzymes, or antibodies serve as monomers in a microemulsion polymerization that uses a photosensitive cross-linking procedure to create the nano-protein [54] . Basically, this technique uses a ruthenium molecule with amino acids (tyrosine, tryptophan, and cysteine) and a chlorine atom, which are photosensitive molecules that will react and undergo polymerization when the reaction is exposed to radiation. Before polymerization takes place, the microemulsion is used to conjugate by creating covalent bonds with the ruthenium-based amino acid monomers and with the tyrosine, cysteine, or tryptophan of the protein (enzymes, antibodies, and other biomolecules) in order to create a new nano-bioconjugate system, then a cross-linker is added to initiate the polymerization. The polymer conjugates the proteins on the nano-supports (e.g., silica, polymer, inorganic nanoparticles, carbon nanotubes, gold surfaces, quartz, etc.). The enzymes are covered with the ruthenium-based amino acid by covalent bonds to create a functionalizable surface that is able to attach to a support-all this is generated in one step and allows immobilizing enzymes in different supports without losing their functionality and conformation. In addition, the procedure can be carried out under mild conditions independent of pH and temperature [53] .
For the last decade, graphene has attracted great interest as a nano-support because of its two-dimensional configuration, which provides a larger surface area than those with one-dimensional configuration; additionally, it has good conductivity, high mechanical strength, and facile surface functionalization [55, 56] . Some properties of graphene (e.g., solubility, chemical functionality, catalytic activity, and wettability) can be changed with an appropriate chemical or physical hybridization with other materials [57] . In Table 3 , some new supports for nanoparticles are shown along with their biocatalytic activities and immobilization methods.
Nanofibers and nanotubes
Electrospun nanofibers for enzyme immobilization
Nanofibers are one-dimensional structures that have attracted attention as nanobiocatalysts because of their remarkable properties and applications [1] . These structures can be defined from a geometrical perspective as slender, threadlike fibers with a cylindrical shape and can be classified as nanomaterials on the basis of their nanoscale diameters, which are typically below 100 nm, but this number can go up to 500 nm in some industrial applications [58] . When compared to other nanostructures, such as nanoparticles and nanotubes, nanofibers stand out because of their reduced fabrication complexity and their ease of recovery [59] . Nanofibers can be manufactured by several methods such as electrospinning, meltblowing, template synthesis, drawing, phaseseparation, self-assembly, and forcespinning [60] . Among these techniques, electrospinning is the typical choice for the fabrication of enzyme-nanofibers composites. This technique not only offers a wide variety of polymer materials for fabrication but also provides control over the fiber's dimensions, scalability, and repeatability [1, 61] . The nanoscale dimensions, high porosity, and interconnectivity of electrospun nanofibers gives them a large surface area-to-volume ratio, a wide specific area for interaction or attachment, and low mass transfer limitations [1, 62] . In addition, nanofibers can be employed Adsoprtion-without Met-Tag resiudal activity = 78% Au-S bonding with Met-tag residual activity = 98%
Nanoparticle carriers [160] either in a modified or unchanged fashion to minimize loss of enzymatic activity and denaturation of the protein induced by the type of immobilization interaction [62] . Due to the wide variety of enzymes available for biocatalysis, selecting the proper nanofiber material plays a central role in optimizing enzyme activity. The optimization will be directly affected by the stabilization mechanism at the nanofiber's surface. Enzymes are attached by non-covalent adsorption or covalent binding mechanisms and by entrapment techniques [1, 63] . Wang et al. prepared polysulfone (PSF) nanofibrous membranes (~200-500 nm in diameter) by electrospinning for the immobilization of lipase (Candida rugosa) by adsorption mechanics [64] . They reported improved stability and higher optimal operating temperature than the free lipase in solution. Non-woven cellulose fibers (~200-300 nm) were also used for the immobilization of lipase [65] . The cellulose fibers were oxidized with NaIO 4 to produce aldehyde groups that attached to the primary amino moieties at the enzyme by covalent interactions. They found improved thermo-stability and durability compared to the native case.
Enzymes can also be directly encapsulated into the nanofiber structure by co-electrospinning of proteins and organic or inorganic materials [62] . For example, Jia et al. [4] prepared bioactive nanofibers by electrospinning functionalized polystyrene nanofibers with diameters of 120 nm and analyzed their ability to stabilize α-chymotrypsin (CT). They reported enzyme loadings of 1.4% (w/w), which corresponded to 27.4% of the nanofiber mat surface and an activity retention of 65% compared to the free enzyme solution. Specific materials can also be embedded in electrospun polymeric nanofibers to increase the protein absorption capacity of fibers. Electrospinning of polyurethane nanofibers enhanced with LiCl induced increased the enzymatic loading of CT, reaching 64% (w/w) of the dry mass of the fibers [66] . This represented a nine-fold improvement in adsorption compared to that observed in the absence of the salt. The polyurethane nanofibers experienced no activity loss after 8 months of incubation at 4°C in aqueous solution.
Several techniques can be applied to modify the surface chemistry of the carrier nanofiber to improve enzyme loading and enzymatic activity. Nonetheless, it is impossible to prevent enzymatic activity loss to some extent by the introduction of non-specific interactions between the biocatalyst and the structure. One approach to reduce this loss is to increase the bioaffinity of the surface by imitating the enzyme's natural mode in living organisms [67] . Huang et al. used phospholipid-modified nanofibers (mean diameter of 90 nm) to immobilize lipase (Candida rugosa) by adsorption mechanics, obtaining a retained activity of 76.8% with 22.9 mg/g of absorbed protein [67] . Electrospun nanofibers were fabricated from poly[acrylonitrile-co-(2-methacryloyloxyethyl phosphorylcholine)] (PANCMPC) with different contents of 2-methacryloyloxyethyl phosphorylcholine (MPC) to analyze its effects on the structure, biocompatibility, and enzymatic performance. Compared to their previous studies [68] on phospholipid-modified polyacrylonitriles (PAN), the activity retention of lipase increased from 56.4% to 72.9% and 76.8% for nanofibers with 4.7 % mol and 9.6 % mol MPC, respectively. This improvement was attributed to the introduction of a bio-friendly microenvironment for the immobilized lipase that mimics natural biological membrane systems.
Even if nanofibers have a large area available for interaction, only a mono-layer of enzyme can form on their surface, thus reducing their enzyme loading capabilities [62] . To improve this, enzyme-aggregate coatings have been explored as an important alternative in surface modification of electrospun polymer nanofibers [69] . Kim. et al. [69] fabricated nanofibers consisting of polystyrene and poly(styrene-co-maleic anhydride), then attached seed α-chymotrypsin (CT) by covalent interactions onto the nanofibers' surface. By using glutaraldehyde (GA) as a linking agent, additional enzyme molecules were aggregated onto the enzyme-coated nanofibers. With this method, enzyme loadings were initially 9 times more active than that of the nanofibers with the CT monolayer. In addition, this treatment provided better stability, as no measurable activity loss was observed after 1 month of rigorous shaking. Although the cross-linking of enzymes is expected to lead to activity loss, the authors attributed the improved activity to the high enzyme loading.
Carbon-based nanotubes
Single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes (MWCNTs) possess excellent structural, electrical, mechanical, thermal, and biocompatibility properties, making them promising for enzyme immobilization and applications in bioelectronics [70] . In nanobiocatalysis, enzyme-nanotube conjugates have been shown to retain a high fraction of their native activity and resist higher temperatures relative to their solution phase counterparts [71] . To explore their potential for nanobiocatalysis, enzymes must be covalently or non-covalently bonded to the nanotube's surface. Direct covalent interaction involves the free moieties of the enzyme and a functionalized group at the nanotube's surface. The free amine groups on the surface of the enzyme react with the carboxylic groups generated by wall oxidation of the nanotubes, followed by activation using carbodiimide [72] [73] [74] . This technique has been successfully applied to the immobilization of several enzymes, including glucose oxidase, horseradish peroxidase, lipase, hydrogenase, soybean peroxidase, and acetylcholinesterase [2] . Huang et al. immobilized bovine serum albumin (BSA) proteins using this process, where the majority (~90%) of the protein species in the nanotube composite retained bioactivity [73] .
Pavilidis et al. [75] reported the use of MWCNTs functionalized with carboxyl-, amine-, and ester-terminal groups for the fabrication of lipase bioconjugates. They observed enzyme loadings up to 25% of the weight of the nanotubes in addition to high catalytic activity, increased storage, and stability. In another example, Shah et al. [76] used MWCNTs to absorb lipases from Candida rugosa, which demonstrated high activity retention (97%). The immobilized enzyme also had increased selectivity and transesterification activity. The authors attributed this increase to the interaction between the hydrophobic surfaces of the MWCNTs, which changed the conformation of the lipase into an "open lid" structure.
Single-enzyme nanoparticles
Single-enzyme nanoparticles (SENs) are formed by a technique in which each enzyme is modified with an organic-inorganic structure with a thickness of a few nanometers. Single-enzyme nanoparticles are synthesized in three steps (Figure 1 ): 1) the enzyme surface is modified covalently; 2) vinyl polymer groups grow on the enzyme surface in the presence of hexane; and 3) orthogonal polymerization cross-links the polymer chains, forming a network around the enzyme [77] . The network around the enzyme confines the enzyme to prevent unfolding and denaturation, leading to increased enzyme stability. Kim and Grate [77] found that the structure of polymers is sufficiently porous to allow a large substrate (at least a tetrapeptide) to cleave in the active site, and with minimal substrate mass transfer compared to larger immobilization materials. The SENs can be attached to larger silica pores to provide other attributes without losing enzyme stabilization [8, 78] . Table 4 shows a list of studies related to the production of SENs.
Yan et al. [79] studied nanogels for confining horseradish peroxidase (HRP). They used two sizes to encapsulate the enzyme: nanogel A with a molar ratio of 400 and nanogel B with a molar ratio of 800. The nanogels were produced with the acryloylation technique. The yield of encapsulation for nanogel A and B was 92.2% and 91.8%, respectively. Nanogel B had a more spherical and uniform shape than nanogel A, and it retained a single HRP enzyme. The thermal stability of nanogel B was compared to free HRP from 30 to 85°C; although HRP Figure 1 . Single Enzyme Nanoparticle (SENs) formation. SENs are made in three steps: first, covalent modification of the enzyme surface; next, formation of vinyl polymer groups on the surface; and finally, polymerization of the vinyl groups by cross-linking over the enzyme. Illustration by [80] . K m = 1878 µM CO 2 conversion to carbonates, biomedical, environmental applications [166] started to lose activity at 40°C, nanogel B remained stable at up to 60°C. Both displayed a similar activity at room temperature. In the presence of organic solvent, nanogel B maintained 80% activity during the test while free HRP lost all initial activity. In another study, Hegedus and Nagy [80] measured enzymatic activity in each phase of acryloylation in order determine whether the enzyme lost activity during encapsulation. α-Chymotrypsin did not lose activity due to the covalent modification of the enzyme surface (the first step of SEN encapsulation). Continuing the process, they found that irradiation during the polymerization process reduced the activity by 30-50% (second step). Lastly, the third step had no effect on the activity. In general, after the three-step process, the residual activity was between 50-70% of the native chymotrypsin following irradiation. As expected, the SEN-CT had a higher thermal stability than the free CT. In the same study, the authors tested the SEN-CT and native enzyme under pH values of 1-9. They found that SEN-CT had a higher stability, maintaining 50% of its activity when the pH was below 5, while the native enzyme retained less than 15%. Even with a pH as low as 1.5, the activity of SEN-CT was about 50% of its original activity. Similar results were obtained in the basic pH range.
In several novel studies [81, 82] , researchers produced SENs with magnetic and conductive properties. After the acryloylation procedure, SENs were mixed with a solution containing pyrrole-N-propylsufonic sodium, FeCl 3 , and FeCl 2 in order to generate Fe ions on the surface. Next, the enzymes were treated in an aqueous solution of NH 4 OH to change the Fe ions to iron oxide (Fe 3 O 4 ) . The resulting SENs were both magnetic and conductive. The main purpose of the study was to obtain a high degree of magnetism in the enzyme, as previous studies reported that increasing the amount of Fe 3 O 4 decreases the conductivity and increases the magnetization. After several experiments, they found that the amount of Fe in the enzyme was nearly 23% wt, concluding that the particle was super-paramagnetic with a conductivity of 2.7x10 -3 S cm -1 . As mentioned before in this review, the super-paramagnetic capacity helps to reduce the aggregation of nanoparticles and to make them Biosensor, bioremediation, bioconversion [78] continued Table 4 . Single Enzyme Nanoparticle (SEN) studies.
diffuse rapidly [35] . The maximum activity was found at pH 5.8 but SENs were more stable when the pH increased to 9 as compared with free glucose oxidase (GOD) due to the different covalent attachments in the nanoparticles. SEN-GOD had more thermal stability than free GOD and the same case was observed in the presence of organic solvents [83] .
Novel methodologies for the design and synthesis of nanostructured biocatalysts
Several methods are used for immobilization and various factors influence the performance of immobilized enzymes [4] [5] [6] . The adsorption/carrier-binding method uses water-insoluble carriers such as polysaccharide derivatives, synthetic polymers, and glass [9, [84] [85] [86] . In the cross-linking/covalent method, bi/multifunctional reagents such as glutaraldehyde, bisdiazobenzidine, and hexamethylene diisocyanate are used [16] . Polymers like collagen, cellulose, and κ-carrageenan are employed in the entrapment method, while the membrane confinement method includes a formulation of liposomes and microcapsules [87] [88] [89] [90] [91] [92] . Adding functionalized matrices capable of immobilizing enzymes on polymer surfaces has been achieved by either chemical conversion or grafting of the polymer surfaces. Surface grafting is a desirable approach because it has less effect on the bulk properties-such as mechanical strength-of the materials, while offering a wider range of chemically reactive groups and functional structures for immobilizing different enzymes. Apart from being affordable, an ideal matrix must possess characteristics like inertness, physical strength, stability, regenerability, ability to increase enzyme specificity/ activity, and ability to reduce product inhibition, nonspecific adsorption, and microbial contamination [63] .
Polymer brushes provide an excellent platform for a robust immobilized environment because numerous features of the brush architecture, and thus the local environment of the enzyme, can be controlled exquisitely. A polymer brush comprises layers of polymer chains that are attached via covalent or strong multidentate secondary interactions to a surface at a large areal density such that the chains are forced to adopt an extended, stretched conformation [93] . Two of the most common preparations of polymer brushes include "grafting from" and "grafting to" methodologies. A "grafting from" polymer brush is fabricated by first chemically grafting a polymerization initiator to a surface, and then growing the brush from the initiator centers using polymerization techniques such as atom transfer radical polymerization (ATRP) or ring-opening metathesis polymerization. In the "grafting to" method, the polymer is synthesized ex situ and then immobilized on the surface by any of various methods, such as covalent or electrostatic interactions [3, 93] . Both routes have advantages and disadvantages depending on the desired application.
Nanostructured biocatalysts via the "grafting onto" method
The methods described in this section feature two-step reactions. As shown in Figure 2 , the first step is the synthesis of nanocarriers such as polymer nanowire [94] [95] [96] [97] , metal nanoparticles [98, 99] , membranes and cryogels [100] , chitosan microspheres [101] , and mesoporous silica [11, [13] [14] [15] [27] [28] [29] 102, 103] . The second step involves immobilization of the enzyme onto the surface of the nanocarrier. Several "grafting onto" methods are listed in Table 5 .
Grafting, in the context of polymer chemistry, refers to the addition of polymer chains onto a surface. However, in our case, the technique implies the use of organic and inorganic supports and enzymes. There are several methods for enzyme immobilization, including enzyme entrapment, cross-linking, and support binding; these methods include organic and inorganic supports. Different inorganic materials have been assayed in experimental works for enzymatic covalent immobilization, such as borosilicates and aluminosilicates, alumina, silica, silicates, titanium oxides and other oxides. These materials are suitable solid matrices because they meet certain criteria: water solubility, reasonable mechanical strength, chemical resistance, and reactivity towards derivatizing and functionalizing agents are the most important. Some materials, such as organosilanes, have been used in derivatization and functionalization techniques through silanization, which is the most frequently applied and most studied technique. Inorganic bridge formation and acylation represent the most studied techniques when acyl halides are used [104, 105] .
Nanostructured biocatalysts via the "grafting from" method
The main difference between the "grafting from" and "grafting onto" methodologies is the addition mechanism of the enzyme to the surface material. In the more extensive Figure 2 . Construction of nanocarriers using the "Grafting onto" method. Table 5 : List of nanostructured biocatalysts prepared by the "grafting onto" method.
Enzyme
Carrier Ref.
Galactose Poly(epsilon-caprolactone) (PCL) substrates [94] Bovine liver catalase (CAT) Regenerated cellulose (RC) nanofibrous [95] Trypsin porous polymer monoliths [167] Lipase from Candida rugosa (CRL) Rod-shaped mesoporous silica (RSMS) [102] Laccase Polymer membranes and cryogels [100] Uricase Silver nanoparticles (Ag-NPs) [98] Amylase Modified chitosan microspheres [101] Cytochrome C Mesoporous films of antimony-doped tin oxide (ATO) [168] Lipase Gold nanocomposite [99] Invertase Polyvinylimidazole (PVI)-grafted iron oxide nanoparticles (PVIgMNP) [169] Beta-galactosidase Modified natural silk fibers [96] Cellulase Clay-poly(glycidyl methacrylate) composite [97] Lactase Polyaniline nanofiber (PANI), Magnetically separable polyaniline nanofiber (PAMP) Magnetically separable DEAE cellulose fiber (DEAE) Magnetically separable CM cellulose fiber (CM) Polystyrene nanofiber (PSNF) [147] α-amylase (AA) and glucoamylase (GluA) Hydrolases and oxidoreductases Carbon Nanotubes [170] "grafting from" mechanism, enzymes are modified to generate reactive groups and are propagated at the surface (Fig. 3 ) [106, 107] . In most cases, the reactions to form the nanostructures and attach the enzyme to the surface are performed in one single step. One of the main advantages of the "grafting from" method is the high efficiency in enzyme encapsulation due to the grafting reaction between the enzyme and the monomer; by contrast, the linkage reaction that occurs in the "grafting onto" method often results in spatial hindrance that is reflected in a low efficiency of the enzyme attached. Some "grafting from" techniques are given in Table 6 .
Applications
Although they represent a promising alternative for various applications, nanobiocatalytic systems are limited by their low stability in operating processes. It is anticipated that nanobiocatalysis will enable more practical applications of enzymes, since it increases the potential to use recycled enzymes and prolongs the life of the enzyme. In this section, we describe some applications in emerging fields [2, 8] .
Bioelectronics
The integration of biomolecules with an electronic element for functional devices is known as bioelectronics. Examples of devices that use nanostructured materials are biosensors and biofuel cells [2, 8, 108] .
Biosensor devices
Enzyme-based biosensors are the result of merging an enzyme element and a detector or transducer associated with signal processing for the selective detection of analytes. Due to their simplicity, high specificity, relative cost-effectiveness, and down-scalability, enzymebased biosensors provide a means for fast, precise, and continuous monitoring of analytes [59] . Some of the nanomaterials and nanostructures that have been used for the fabrication of biosensors include mesoporous carbon, SWCNTs, MWCNTs, polyaniline films, silica-sol gel, gold nanoparticles, ZnO nanoparticles, polypyrrole nanoparticles, and biomimetic silica nanoparticles [2] . Nanobiocatalysts have been effectively stabilized on the surface of chemically functionalized carbon nanotubes to detect glucose [109] , dopamine [110] , and hydrogen peroxide [111] . For example, Wang et al. reported the covalent immobilization of glucose oxidase (GOD) through the activation of carboxyl groups on the surface of electrospun nanofibrous poly(acrylonitrileco-acrylic acid) membranes filled with MWCNTs [112] . The membranes were deposited on Pt electrodes for the fabrication of glucose biosensors. Results indicated that the MWCNTs enhance the current of the GOD-Pt electrodes with a sensitivity of 0.18354 µA•mM -1 , a detection limit of 0.668 mM, and a response time of 35 s. In another study, Kwon et al. used the same enzyme to coat a goldnanoparticle-conjugated CNT network film to create an amperometric sensor. The biosensor displayed a sensitivity on the order of nA/mM and was able to sustain repeated use for 10 days [109] .
Enzyme immobilization of GOD was demonstrated at the single-wall CNT level for the first time by Besteman et al., opening the door to a new kind of single-molecule sensor [113] . Glucose response of the biosensor was observed in step-like changes of the CNT's conductance in time. The changes in the nanotube conductance were attributed to the total change in capacitance of the structure.
Recently, Welch et al. [114] demonstrated that organic polymer brushes fabricated from the conducting Figure 3 . Construction of nanocarriers using the "Grafting from" method. [177] polymer poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) can be integrated as devices through covalent immobilization with GOD. This device prevents the loss of the enzyme and achieves a high sensitivity and stability for a period of 100 days.
Biofuel cells
Biofuel cell are devices that convert chemical energy to electrical power using a biological component such as microorganisms or enzymes. Enzyme-based biofuel cells employ the isolated enzyme as the catalyst. They usually consist of an enzyme anode, electrolyte, and an enzyme cathode. Oxidoreductase enzymes (i.e., glucose oxidase, glucose dehydrogenase, alcohol dehydrogenase, cellobiose dehydrogenase, and fructose dehydrogenase) have been used in the anode. Laccases and oxidases are used as biocatalysts in the cathode. Enzyme-based biofuel cells have the potential to be power source for low-power sensors, medical implants, and communication devices. However, their practical applications have been limited by their short life, poor stability of the enzyme, and low power density of the cell. Nanostructured materials provide a large surface area for enzyme immobilization, thus achieving a high charge density on/in the electrode and rapid electron transfer. Conductive nanomaterials such as carbon-based materials (i.e., carbon nanotubes and graphite) and gold nanoparticles contribute to increased power density [2, 8, [115] [116] [117] [118] . For example, Lee et al. used the electrodeposited graphite oxide/cobalt hydroxide/chitosan composite-enzyme electrode for developing a biofuel cell. They obtained a high power density (up to 517 μW/cm 2 at 0.46 V) when laccase was used as the cathodic enzyme and glucose oxidase was used as the anodic enzyme [119] . Recently, a new generation of biofuel cell, that is, an H 2 /O 2 cell based on thermophilic enzymes, was designed by Poulpiquet et al. They prepared biohybrid electrodes by immobilizing biocatalysts on a fishbone carbon nanofiber. Hydrogenase from the hyperthermophilic bacterium Aquifex aeolicus (MbH1) was used as the anode biocatalyst, while thermostable bilirubin oxidase from Bacillus pumilus was used as the cathodic biocatalyst. They achieved a high power density of up to 1.5 mW/cm 2 at 60°C without any mediator [120] .
Proteomic analysis
Nanobiocatalysis development also benefits proteomic analysis. Conventional processes use trypsin digestion followed by mass spectrometry analysis. The digestion step is crucial for the subsequent identification of proteins. These tests have problems of self-digestion and low sensitivity, and they are difficult to automate. In recent years, several researchers have designed immobilizedprotease reactors as an alternative method. The reactors have a low degree of self-digestion and provide a larger surface area so that a fast digestion [8, 69, 121] can be performed.
Various types of nanostructured materials have been used as supports for the immobilized protease reactor in proteomic analysis. Nanostructured materials such as nanoporous silica, cyano-functionalized mesoporous silicate (CNS), poly (glycidyl methacrylate) grafted from magnetic nanoparticles, and supramagnetic carboxymethyl chitosan (Fe 3 O 4 (PEG + CM-CTS)) nanoparticles have been used successfully as nanoreactors for protein digestion. These nanobiocatalytic systems have achieved an overall reduction of digestion time and have improved the subsequent processes of identification. [122] [123] [124] [125] [126] 
Bioconversion system
Chemical syntheses have benefitted greatly from nanobiocatalysis. The high specificity, enantioselectivity, and operating conditions of bioconversion systems facilitate complex reactions such as transesterification, epoxidation, cofactor regeneration, and the production of some compounds (e.g., antibiotics). They also facilitate purification processes, such as the resolution of racemic mixtures [1, 2, 127] . Nanostructured materials provide higher rates of bioconversion than conventional biocatalysis. Nanogels were used for immobilizing lipase from Candida rugosa, resulting in a 7-fold increase in the bioconversion rate of transesterification between dextran and vinyl decanoate in anhydrous dimethyl sulfoxide to produce a biocompatible and biodegradable polymeric surfactant [128] .
Kumar et al. immobilized lipase from Rhizopus oryzae on magnetic beads of chitosan-Fe 3 O 4 to catalyze the ethyl esterification of ferulic acid. This reaction was carried out in an iso-octane solvent system with a conversion rate of 89.6%. The immobilized lipase retained 72.6% of its initial activity after 8 reuses [129] .
Magnetic nanobiocatalysts have also been successfully applied in a system with alcohol dehydrogenase (ADH) from Devosia riboflavina for the enantioselective reduction of ketones to produce optically pure alcohol. The magnetic-ADH nanobiocatalyst retained 100% activity of free ADH, and the conversion rate reached up to 97% with over 99% ee (R). Moreover, ADH usually requires a cofactor-reduced nicotinamide adenine dinucleotide (NADH); isopropanol was used as the co-substrate for cofactor regeneration. NADH was regenerated 8,500 times. These examples indicate high stability, enhancing their potential in industrial and pharmaceutical applications [130] .
Biomedical and therapeutic system
Nanobiocatalysis has also had a strong impact in the biomedical area. Therapeutic properties of different enzymes have been improved by the development of nanotechnology. The versatility of therapeutic biocatalystnanomaterial systems offers many possibilities for therapeutic administration as controlled release and specific orientation on target cells [131, 132] .
Various nanomaterials (e.g., MSP, MNP, AuNPs, silver nanoparticles (AgNPs), SENs, and carbon-based nanomaterials) have been tested for the immobilization of therapeutics enzymes for controlled administration [131] . Magnetic nanoparticles and graphene oxide are nanomaterials with great potential for applications in cancer therapy according to numerous investigations in recent years [131, 133] . Research and development of new enzyme-nanomaterial systems will provide a more efficient therapy for many pathologies.
Conclusions
Recent advances in the design of support and immobilization methods have allowed more accurate control of enzymatic immobilization. The development of new nanostructured materials for enzyme stabilization has been a subject of great interest in recent years. These materials strongly influence the intrinsic mechanical properties and provide a biocompatible environment for enzyme immobilization. The nanobiocatalytic approach for the immobilization of enzymes provides a range of possibilities for future applications, such as magnetic separation and electron conductivity. Knowledge and understanding of the nanostructured material and aspects of the enzyme, such as the structure and mechanism of action, are necessary for the development of innovative processes. This will provide more practical and progressive applications of biocatalysis in areas such as medicine, the production of antibiotics, drug metabolism, the food industry, the production of biodiesel, and bioremediation.
